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Surfactant solutions exhibit multilamellar surfactant vesicles (MLVs) under flow conditions and in concentration 
ranges which are found in a large number of industrial applications. MLVs are typically formed from a lamellar 
phase and play an important role in determining the rheological properties of surfactant solutions. Despite the wide 
literature on the collective dynamics of flowing MLVs, investigations on the flow behavior of single MLVs are 
scarce. In this work, we investigate a concentrated aqueous solution of linear alkylbenzene sulfonic acid (HLAS), 
characterized by MLVs dispersed in an isotropic micellar phase. Rheological tests show that the HLAS solution is 
a shear-thinning fluid with a power law index dependent on the shear rate. Pressure-driven shear flow of the HLAS 
solution in glass capillaries is investigated by high-speed video microscopy and image analysis. The so obtained 
velocity profiles provide evidence of a power-law fluid behaviour of the HLAS solution and images show a flow-
focusing effect of the lamellar phase in the central core of the capillary. The flow behavior of individual MLVs 
shows analogies with that of unilamellar vesicles and emulsion droplets. Deformed MLVs exhibit typical shapes 
of unilamellar vesicles, such as parachute and bullet-like. Furthermore, MLV velocity follows the classical 
Hetsroni theory for droplets provided that the power law shear dependent viscosity of the HLAS solution is taken 
into account. The results of this work are relevant for the processing of surfactant-based systems in which the final 
properties depend on flow-induced morphology, such as cosmetic formulations and food products. 
1. INTRODUCTION 
The study of surfactant-based systems is relevant for both 
their wide scientific interest and broad industrial 
applications. Surfactant systems are ubiquitous in everyday 
life: most detergents, lubricants, cosmetics and many 
pharmaceutical and food products are surfactant-based. In 
particular, the alkyl benzene sulfonate group is one of the 
most commonly used moiety of anionic detergents in 
industrial applications.1, 2 In this class, the linear alkyl 
benzene sulfonic acid (HLAS) represents the most widely 
used anionic surfactant in industrial products, with physical 
and mechanical properties strongly dependent on the 
manufacturing process.3, 4  
In aqueous solution, surfactant molecules, such as HLAS, 
due to their amphiphilic nature, self-assemble into a range of 
well-defined structures depending on temperature, 
concentration and their chemical nature.5, 6 These structures 
range from micellar solutions to multilamellar phases. In 
wide concentration ranges, multilamellar domains can fold 
rearranging in more or less spherical multilamellar 
structures made of onion-like stacked bilayers separated by 
solvent, known as surfactant MultiLamellar Vesicles 
(MLVs).7-10 
The behaviour of surfactant MLVs has been studied under 
different flow conditions in order to characterize their 
properties for several applications, such as bio-membrane 
models11 or carriers for drug delivery.12, 13 In literature, 
many studies describe the flow behaviour of MLVs under 
shear flow. MLVs collective behaviour has been investigated 
with the aim of finding scaling relationships14 between their 
size and an external flow field by several techniques, 
including small-angle neutron scattering15 and polarized 
light microscopy.16 We recently reported an experimental 
investigation on the dynamic behaviour of single MLVs under 
simple shear flow.17, 18 In this flow field, MLVs dynamics 
presents analogies with unilamellar vesicles and emulsion 
droplets. MLVs deform at constant volume under flow with a 
rich dynamic behaviour (i.e. tumbling, breathing and tank-
treading), which is also observed in unilamellar vesicles.19, 20 
Furthermore, we found that MLVs can be characterized by an 
effective interfacial tension eff whose value can be 
determined by analysing their deformation in analogy with 
emulsion droplets.21 
While most studies on MLVs have been addressed to 
simple shear flow, a detailed analysis concerning the 
behaviour of MLVs (and more in general of multiphase 
aqueous surfactant solutions) under pressure-driven (or 
Poiseuille) flow in micro-channels is still missing. Among the 
other questions, one may ask whether the analogies between 
the dynamic behaviour of MLVs and unilamellar vesicles or 
droplets are also found under capillary flow. As briefly 
reviewed in the following, the flow behaviour of unilamellar 
vesicles and emulsion droplets in micro-channels have been 
extensively studied and their dynamics is well known.  
Unilamellar vesicles and capsules are often considered as 
a model system for blood flow in microcirculation22, 23 and 
for red blood cell (RBC) membrane deformation.24-26 This is 
one of the reasons motivating the investigation of the 
dynamics of single unilamellar vesicles and capsules in 
Poiseuille flow.27-30 Recent studies have highlighted that the 
unique mechanical properties of the lipid bilayer membrane 
of unilamellar vesicles, such as fluidity, incompressibility, 
and resistance to bending, give rise to a number of 
fascinating non-equilibrium features of vesicle and RBC 
micro hydrodynamics, namely, parachute and bullet 
shapes.24, 31 Therefore, it would be interesting to evaluate 
whether MLVs could also be considered as a model system to 
mimic blood flow.32, 33 
The behaviour of emulsion droplets in confined Poiseuille 
flow has been widely investigated as well.34 Briefly, the 
difference between droplet and suspending fluid velocity has 
been quantified by measuring the droplet velocity U, 
normalized with respect to the average value Vm of the 
undisturbed parabolic velocity profile of the external fluid 
far away from the droplet. In case of Newtonian fluid 
components, droplet velocity depends on the two classical 
non-dimensional parameters, first introduced by Taylor35 to 
describe flow-induced deformation of single droplets. These 
parameters are the viscosity ratio  between the viscosity d 
of the droplet phase and the viscosity  of the continuous 
phase, and the capillary number Ca, which is defined as the 
ratio between the viscous and interfacial stresses acting on 
the droplet. In tube flow, the capillary number is given by the 
expression Ca =  Vm / , where  is the interfacial tension 
between the two immiscible fluids and Vm is the undisturbed 
average velocity of the continuous phase. In the case of 
confined flow, a further geometrical parameter is 
introduced36 as the ratio k = D / Dc between droplet (D) and 
channel (Dc) diameter. For non-Newtonian fluids, some 
additional non-dimensional parameters are needed to take 
into account viscoelastic contributions, and can be expressed 
as the ratio between fluid relaxation time and emulsion 
time.37 From a theoretical point of view, Hetsroni et al.38 
investigated the case of small undeformed and unconfined 
droplets (k ≪ 1) moving along the axis of a circular cross-
section channel. They calculated the non-dimensional 
droplet velocity U / Vm, showing that it lies in between the 
maximum and the average velocities of the undisturbed flow. 
From the experimental and numerical side, the problem has 
been tackled39-41 by investigating the shape of a deformed 
droplet in a range of values of the non-dimensional 
parameters k,  and Ca. They confirmed the Hetsroni theory 
finding that, at small k values, the ratios U / Vm of droplets 
deformed at different Ca superimpose on the same master 
curve showing that the only relevant parameter is the 
confinement ratio k. They also investigated the droplet 
deformation and velocity in conditions far from Hetsroni 
theory (k ≈ 1) finding that the ratio U / Vm does not follow 
anymore the Hetsroni theory and new trends appear 
depending on the Capillary numbers. Indeed, a uniform film 
forms between the droplet and the wall for sufficiently large 
droplets.41, 42 The film thickness is determined by the balance 
between viscous and capillary forces and depends only on Ca 
and .  
  
In this work, we report an investigation on the behaviour 
of an aqueous HLAS solution under Poiseuille flow by direct 
flow visualization techniques. After a rheological 
characterization in oscillatory regime and in continuous flow 
of the HLAS solution, we will show how the microstructure 
of the sample changes when a Poiseuille flow is imposed. In 
particular, we will focus on the dynamic behaviour of 
individual multilamellar vesicles analysing their shape and 
their velocity under confined flow. To our knowledge, this is 
the first experimental investigation on MLV dynamics under 
Poiseuille flow. Understanding MLVs flow behaviour in 
pressure-driven flow, in particular under confined 
conditions, would be quite relevant for microfluidic 
applications43 either to produce materials44 or to mimic 
biological conditions24 and flow at the microscale.45, 46 
2. EXPERIMENTAL 
2.1. Materials 
The sample examined in this work is an aqueous solution of 
linear alkyl benzene sulfonic acid (HLAS), a commercial 
anionic surfactant constituted by a benzene ring linking a 
sulfonic acid group (hydrophilic head) and a linear alkyl 
group (hydrophobic tail).47 The fluid is a commercial sample 
of industrial grade and is used without any further 
purification. The phase diagram of the HLAS-water system48 
can be divided in three different regions depending on HLAS 
concentration and temperature. At the temperature of 25° C, 
the phase diagram shows an isotropic micellar (L1) phase at 
HLAS concentrations lower than 28% wt. At higher HLAS 
concentrations (> 67% wt.) the surfactant molecules form 
planar lamellae and the system is constituted by a lamellar 
(L) phase. Between these two concentration values, both L1 
and L phases coexist and L domains can fold forming 
MLVs.9, 48, 49 A 30% wt. solution of HLAS is used in our 
experiments at 25° C. This HLAS concentration falls within 
the intermediate region and the sample shows MLVs ranging 
from a few to hundreds of microns as observed by optical 
microscopy.17 MLVs were observed under static conditions 
in the HLAS solution used in this work, possibly due to the 
stirring flow applied during preparation. 
2.2. Methods 
2.2.1. Rheology.  
The rheological measurements of the sample are carried out 
by a stress-controlled rotational MCR 301 rheometer (Anton 
Paar Instruments). A titanium double-gap measuring system 
(DG 26.7, inner cup diameter 24.267 mm, inner bob diameter 
24.666 mm, outer bob diameter 26.663 mm, outer cup 
diameter 27.053 mm, and bob height: 40.000 mm) is used 
with 1.8 ml of solution. Both continuous and oscillatory flow 
tests are performed at 25°C as reported in the results section. 
2.2.2. Rheo-optical apparatus.  
The analysis of MLVs flow behaviour under capillary flow is 
performed using a rheo-optical apparatus. It consists of a flow 
chamber made up of silica micro-capillaries (Polymicro 
Technologies) that is placed under the field of view of an optical 
microscope (Axioscope FS, Zeiss). Micro-capillaries with different 
internal diameter Dc (106, 180, and 318 m) are tested and a 
syringe pump (Harvard 11 Plus) is used to feed the HLAS solution 
in the micro-channels using a feeding tube of diameter Df = 1 mm. 
The syringe pump and the micro-capillaries are coupled by 
microfluidics connections (Upchurch, IDEX). Images of MLVs 
flowing inside the micro-capillaries are acquired through a high-
speed video camera (Phantom 640) and analysed off-line. 
Observations are done in bright field using long working distance 
objectives (10x and 20x). The whole apparatus is placed on an 
anti-vibration table in a temperature-controlled room (T = 
25±1°C). 
2.2.3. Image analysis.  
Fluid morphology under flow is quantified by image analysis 
techniques using a commercial software (Image Pro Plus 7). The 
images are acquired using a high-speed video camera and stored 
on the computer hard drive in digital format. Average diameter D, 
velocity U and shape of vesicles under flow are determined by 
identifying manually the MLV outline (long dashed line) as shown 
in Figure 1. Velocity profiles in the channel are determined by 
tracking at different radial positions the trajectories of MLVs with 
diameter smaller than 1/10 of the capillary radius, which are used 
as tracers. The height  of the central section of the capillary, 
where MLVs migrate under flow, is measured as shown in Figure 
1 and normalized with respect to the capillary diameter Dc. The 
edges of the central section (short dashed lines) are chosen by 
selecting the position of the flowing MLVs closest to the capillary 
walls for each experimental condition.  
 
Figure 1 - The image shows MLVs of the HLAS solution (30% wt.) in capillary flow 
(dimensional bar: 40 m). The main geometrical dimensions considered for data 
analysis are illustrated in the image: average diameter of the deformed vesicle D, 
capillary inner diameter Dc, diameter  of the central section of the capillary where 
the vesicles are observed to migrate under flow. 
3. RESULTS AND DISCUSSION 
The experimental investigation of the 30% wt. HLAS aqueous 
solution is carried out by probing both the macroscopic and 
microscopic behaviour of the sample. In the following, we 
start from the macroscopic rheological behaviour of the 
sample and its dependence on the internal microstructure. 
We will then focus on the velocity profiles and the flow-
induced segregation of the different phases of the HLAS 
sample. In the final part of the results section, the sample 
microscopic behaviour will be investigated by looking at the 
dynamics of single MLVs under capillary flow. 
  
Figure 2 - Rheological characterization of 30% wt. HLAS-water solution. a) The flow 
curve shows a shear-thinning behaviour of the viscosity with a hysteresis loop. The 
shear-thinning regime is characterized by the presence of two different slopes 
corresponding to a power low index n ≈ 0.3 and n = 0.87 for low and high shear rates, 
respectively. b) In the oscillatory tests a gel-like behaviour is visible in the low 
frequencies range ( < 1 rad/s) with the elastic modulus G’ higher than the viscous 
modulus G’’. At higher frequencies a fluid-like behaviour is observed with G’’ higher 
than G’. Complex viscosity data do not superimpose with steady shear viscosity 
measurement. 
3.1. Rheological results. 
The rheological characterization of the HLAS sample is 
shown in Figure 2. In Figure 2a, the flow curve shows a shear-
thinning behaviour and the presence of hysteresis when the 
viscosity is measured going first from low to high shear rates 
and then from high to low shear rates. The two sets of data 
(referred to as up and down respectively in Figure 2a) 
superimpose at high shear rates (> 1 s-1), but a significant 
discrepancy is observed at low shear rates (< 1 s-1). Such 
hysteresis, which is a non-Newtonian feature, is typically 
found when a weak microstructure is present in the sample 
at rest, such as in weak gels. Flow-induced break-up of the 
weak microstructure is consistent with the finding that up > 
down at low shear rates. Once the microstructure is broken 
in the “Up” run, the sample exhibits a lower viscosity in the 
subsequent “Down” run since it has not been allowed to 
equilibrate between the two runs and to recreate the original 
microstructure at rest. The shear rate where up and down 
start overlapping (ca 1 s-1) can be taken as the threshold 
value for complete breakup of the weak microstructure. In 
our sample, this behaviour is due to the arrangement of the 
lamellar L phase that forms a polydomain microstructure 
made by a network of smectic liquid crystalline 
monodomains (planar or spherical, i.e. MLVs) with random 
orientation.50 This type of microstructures was already 
observed through polarized microscopy and transmission 
electron microscopy in several non-ionic surfactants water 
solutions51 and we previously18 showed the same 
polycrystalline microstructure for the HLAS surfactant as 
well.  
Interestingly, an internal microstructure made by dispersed 
L domains has been reported at a concentration even lower 
than 5%.52 In the flow curve of Figure 2a, it is also interesting 
to notice the presence of two different shear-thinning in the 
range of shear rates investigated. The transition between the 
two slopes is coincident with the threshold value of 
approximately 1 s-1 whereupon the up and down curves 
overlap. By fitting the shear-thinning behaviour with a 
power law curve (𝜼 = 𝒎?̇?𝒏−𝟏), two values of the power law 
index n can be estimated for the two slopes. In the low shear 
rate range (?̇? < 0.15 s-1), data fitting gives a power law index 
n ≈ 0.3 (n = 0.36 and 0.26 for “Up” and “Down”, respectively), 
while in the second range (?̇? > 0.15 s-1) a value of n = 0.87 is 
obtained from both the “Up” and “Down” measurements. The 
presence of two slopes in the viscosity curve can be 
attributed to different dynamics during the rearranging of 
the internal microstructure depending on the value of the 
imposed shear rate, in agreement with the hysteresis 
behaviour. Therefore, the first slope might be due to the 
deformation and breakage of the lamellar domains. This 
happens because an external flow tends to orient the 
lamellar domains along the direction of the flow but the final 
degree of orientation depends on the intensity of the flow 
applied (i.e. the value of the applied shear rate).53  
In Figure 2b the elastic and viscous moduli and the complex 
viscosity (open symbols) are plotted as a function of 
frequency , in the range 10-1 – 103 rad/s. Data at lower 
frequencies result to be outside the range of linear 
viscoelasticity and are not reported. The frequency tests 
confirm the presence of a weak microstructure in our HLAS 
sample due to the lamellar domains. Indeed, in the low 
frequency range ( < 1 rad/s) a gel-like behaviour is visible, 
with both moduli showing a parallel horizontal trend. The 
elastic modulus G’ is higher than the viscous one G’’, 
indicating a dominant elastic behaviour of the fluid. At  > 1 
rad/s the viscous modulus G’’ predominates and grows 
linearly with slope ≈ 1, while the elastic modulus G’ remains 
almost constant up to  ≈ 10 rad/s and then grows with a 
slope ≈ 1.4.  A G’ - G’’ crossover occurs at frequency  ≈ 1.5 
rad/s. The complex viscosity * (open circles in Figure 2.b) 
exhibits a shear-thinning behaviour similar to the one shown 
by the shear viscosity up (filled circles in Figure 2.b), also 
plotted for comparison. The complex viscosity shows a 
region with a relevant shear-thinning (n ≈ 0.1) in the low 
frequencies range (up to  ≅ 1 rad/s), while higher 
frequencies data result in an almost constant value of * (n ≈ 
1). However, despite the similar qualitative trend shown by 
the complex and shear viscosity, it should be noticed that the 
Cox-Merz equation does not hold for  
  
this system, i.e., continuous and oscillatory viscosity data do 
not superimpose quantitatively at the same 
frequency/shear rate. 
3.2. HLAS microstructure under Poiseuille 
flow. 
In Figure 3a, b, c we show three experimental velocity profiles 
measured in the micro-capillaries tested in our experiments.  
In Figure 3d the shear rate profiles are shown as function of 
the capillary radius for the three profiles. Experimental data 
of the profiles are obtained by measuring the velocity of 
isolated MLVs (points in Figure 3) smaller than 1/10 of the 
capillary radius which are considered as tracers. The 
uncertainty of the experimental data is rather lower as 
shown in Figure 3a, b, c by the size of the error bars which is 
about the same as the size of the data points. The 
experimental data are compared to the expected velocity 
profiles according to the rheological bulk measurements 
(dashed lines in Figure 3a, b, c). In order to obtain these 
profiles, we combined the equation of the stress balance in a 
circular tube,54 𝝉 = −𝚫𝑷𝒓 𝟐𝑳⁄ , and the constitutive equation 
𝝉(𝒓) = 𝜼(𝒓)?̇?(𝒓), obtaining: 
?̇?(𝒓) = −
𝒅𝒗
𝒅𝒓
= −
𝚫𝑷
𝑳
𝟏
𝜼(𝒓)
𝒓
𝟐
  (Eq. 1) 
where P / L is the pressure difference between the capillary 
inlet and the outlet per unit of capillary length. Eq. 1 was 
integrated numerically over the radius with no-slipping 
boundary conditions. We estimated the dependence of 
viscosity on the radius r by coupling the function ?̇? = 𝒇(𝒓), 
obtained from a power-law fitting of the experimental 
velocity profiles, with the flow curve down shown in Figure 
2a. The observation that the velocity has a power law 
dependency with the radius is equivalent to the hypothesis 
that the velocity profile is the one expected from a power-law 
fluid, described by Eq. 2: 
𝒗 = 𝒗𝒎𝒂𝒙 (𝟏 − (
𝒓
𝑹𝒄
)
𝒏+𝟏
𝒏 )   (Eq. 2) 
where 𝒗𝒎𝒂𝒙 =
𝒏
𝒏+𝟏
(
𝚫𝑷
𝟐𝒎𝑳
)
𝟏
𝒏𝑹𝒄
𝒏+𝟏
𝒏 , and m and n are the two 
parameters of the power-law fluid introduced in the 
previous section. The assumption that the relation ?̇? = 𝒇(𝒓) 
obtained from the fit of the velocity profile can be used to 
integrate Eq. 1 is based on the microviscometric method,55 
that was experimentally validated for RBCs flowing in 50 m 
diameter micro-channels.  
The comparison between the experimental and expected 
(according to rheology) velocity profiles (dashed lines) 
shows a good agreement only for the largest micro-capillary 
(Figure 3c) with larger discrepancies for the other cases 
(Figure 3a, b). On the other hand, it can be observed that the 
fit of the experimental data using the velocity profile of a 
power-law fluid (Eq. 2), reported as continuous line in Figure 
3a, b, c, is in good agreement with the behaviour of the HLAS 
solution in micro-capillary for all the conditions investigated.  
 
Figure 3 - a, b, c) The velocity profiles of HLAS samples for each micro-capillary are 
shown. Black circles are the experimental measurements, dashed lines are the 
theoretical velocity profiles obtained from the rheological measurements, solid lines 
are the fit of the profiles using the velocity profile equation of a power-law fluid (Eq. 
2). Flow rate Q, maximum velocity Vmax and wall shear rate ?̇?𝑤  are: a) Q = 54 L/h, 
Vmax = 3.06 mm/s, ?̇?𝑤 = 145 s-1; b) Q = 296 L/h, Vmax = 4.72 mm/s, ?̇?𝑤  = 227 s-1; c) Q 
= 750 L/h, Vmax = 5.13 mm/s, ?̇?𝑤  = 67 s-1. d) Shear rate profiles of the three velocity 
profiles, shown in a log-log scale. The different slope of each profile reflects the 
different power-law index n. 
The fit of Eq. 2 shows three different values of the power-law 
index n for the three data sets reported in Figure 3, and the 
range 0.3-0.87, shown in Figure 3c, represents the overall 
range explored in our experiments. As shown by the dashed 
lines in Figure 3, the viscosity data coming from rheology fail 
to explain all the experimental velocity profiles apart those 
characterized by a value of n close to 0.87. There are several 
possible explanations for this discrepancy. One reason could 
be a flow-induced rearrangement of the micellar phase due 
to the extensional flow at the entrance of the micro-
capillaries. This effect would be less important for large 
micro-capillary diameter given the smaller value of the 
contraction ratio Dc/Df, where Df is the diameter of the tube 
feeding the capillary. This would explain the fact that, for the 
larger micro-capillary, the velocity profile is well described 
by a power-law fluid profile with a value of n that is in 
agreement with the viscosity data obtained from rheology. 
Indeed, looking at the shear rate profile shown in Figure 3d, 
we observe that, in the case of Figure 3c, most of the sample 
is subject to values of shear rate falling in the range 0.1 s-1 – 
67 s-1, with the exception of a channel core of size 1 m. 
Within this range of shear rate the viscosity shows a power-
law shear thinning behaviour (Figure 2a) with an index n of 
0.87 in agreement with the index value obtained from the 
power-law fit of the velocity profile. On the contrary, with 
different values of the imposed flow rate and capillary 
diameter, the initial sample microstructure could be more 
significantly affected, leading to velocity profiles that can be 
still described by a power-law fluid equation, but with a 
smaller value of n that is no longer in agreement with the 
viscosity data of Figure 2a. Another possible explanation of 
the discrepancy between velocity profiles and viscosity data 
is the onset of wall slip at some critical value of wall shear 
rate in the micro-capillaries. This effect could be less 
 
significant in the rheological tests since the double gap 
device is made of stainless steel as opposed to silica. In any 
event, the elucidation of the discrepancy is beyond the scope 
of this work. 
Entrance effects are also likely to have an impact on the 
lamellar phase of the HLAS solution, as exemplified in Figure 
4, where the MLVs are observed to concentrate in the central 
core of the micro-capillaries. In Figure 4 images of flowing 
MLVs are shown for each micro-capillary diameter. The 
values of maximum fluid velocity Vmax and power-law index 
n is also indicated in each image. In Figure 4 it is shown that 
MLVs (and more generally the L phase) accumulate around 
the central axis in a region of height , defined in Figure 1. It 
can be observed that the height  becomes smaller and 
smaller by increasing the fluid velocity Vmax. We investigated 
this flow-focusing effect in a quantitative way by measuring 
 as function of the mean velocity Vm × Dc/Df. It is worth 
remembering that the maximum velocity is related to the 
mean velocity Vm of the velocity profile by the relation 
𝑽𝒎𝒂𝒙
𝑽𝒎
=
𝟏+𝟑𝒏
𝟏+𝒏
 for a power-law fluid. A lower limit of the volume 
fraction of the central region is given by the volumetric 
concentration of the L phase in the HLAS solution, which can 
be estimated as (30-28)/(67-30)~0,05 based on the 
concentrations of the micellar (28%) and lamellar (67%) 
phases. This limiting value was approached for all the micro-
capillary diameters used in the experiments.  
A possible explanation of this separation is that, at the 
entrance of the micro-capillary, the fluid streamlines 
approach each other towards the centre of the micro-
capillary. Hence, the curvature of the flow lines can induce 
radial inward migration of deformable objects, such as 
vescicles,56 thus concentrating the L phase at the centre. 
This effect can be taken as proportional to the mean velocity 
Vm and to the contraction ratio Dc/Df, where Df, the diameter 
of the tube feeding the capillary, is equal to 1 mm in all the 
experiments. This scaling is assessed in Figure 5 where the 
volume occupied by the lamellar phase in the central region 
(𝑽𝑳𝜶 =
𝝅
𝟒
𝜹𝟐𝑳), normalized to the capillary volume V (𝑽 =
𝝅
𝟒
𝑫𝑪
𝟐𝑳), is plotted versus the quantity Vm × Dc/Df. Data in 
Figure 5 collapse on the same master curve, thus supporting 
the proposed scaling. It is worth mentioning that this 
entrance effect does not imply that images were acquired too 
close to the micro-capillary entrance. Indeed, as shown in 
Figure 3, the velocity profiles are fully developed without any 
influence of the entrance on the flow streamlines. Once MLVs 
are in the centre of the micro-capillary, they do not migrate 
back towards the walls probably because of their 
deformability that interacts with the nonlinearity of the 
Poiseuille flow, resulting in a cross-streamline migration of 
vesicles toward the centre of the channel. 30, 57 This effect has 
been shown for soft object such as droplets,58, 59 unilamellar 
vesicles60 and capsules29 and is due to the presence of an 
inhomogeneous velocity gradient in the transverse direction 
of the flow. 
 
Figure 4 - Images of MLVs flowing in the micro-capillaries at different maximum fluid velocities Vmax and power-law index n for each micro-capillary diameter Dc. The figure 
shows that the height of the section  where the MLVs are grouped is a decreasing function of the velocity Vmax within each micro-capillary. Dimensional bars are 40 m.
 
  
 
Figure 5 - Scaling of the volume occupied by MLVs (VL) in the micro-capillary, 
normalized to the volume of the micro-capillary (V), versus the quantity Vm × (Dc / 
Df) for different fluid mean velocities and capillary diameters. The dashed line 
represents the volumetric concentration of the L phase in the HLAS solution and 
corresponds to the plateau value approached at high values of Vm × (Dc / Df). 
3.3. MLV dynamics under Poiseuille flow. 
In Figure 6, the shape of MLVs flowing along the centreline is 
shown as a function of the capillary number Ca =  Vm / eff 
and the confinement degree k = D / Dc. It can be observed that 
some MLVs do not display an axial-symmetric shape, typical 
of soft objects flowing along the centreline under Poiseuille 
flow. This is likely due to the presence of defects in the 
structure of MLVs (e.g., images c, d, g, h in Figure 6); these 
defects have also been reported in a previous paper.18 It is 
worth mentioning that the presence of these internal defects 
does not allow MLVs to assume an axial-symmetric shape 
even at high value of the confinement degree (Figure6 c, f, i). 
In any event, MLV shapes are apparently more axial-
symmetric at increasing values of Ca. In the top left images, 
the capillary number and the confinement degree are small 
and a parachute-like or bullet-like shape is found. These two 
shapes are typical of both droplets41 and unilamellar 
vesicles30 and they are described here for the first time for 
MLVs. It should be noticed that the typical concavity at the 
rear found in droplets and in unilamellar vesicles is not 
found in MLVs. Strongly deformed shapes are not observed 
even at the highest values of Ca and k investigated. This could 
be due to the lower deformability of the MLV structure, 
which is made of a stack of several bilayers, as compared to 
the single bilayer structure of unilamellar vesicles.18 The 
formation of filaments coming out of MLVs suggests a break-
up mechanism similar to droplet tip-streaming (image g in 
Figure 6). 
Figure 6 - Shapes of deformed MLVs under Poiseuille flow at different capillary number Ca and confinement degree k. Dimensional bars are 40 m. 
   
 
Figure 7 - Scaling of the MLVs velocity U normalized to the fluid mean velocity 
Vm with the confinement degree k parametric in the capillary number Ca. The 
lines are fitting of the data according to Hetsroni theory modified for a power 
law fluid. a) Data corresponding to a power law index n = 0.48 are shown. The 
inset shows the range of variation of the theoretical curves in the range of n 
between 0.3 and 0.87. b) Data refer to a power law index n = 0.58.  
A quantitative investigation of the dynamic behaviour of 
MLVs under Poiseuille flow is carried out by analysing 
the MLV velocity U as shown in Figure 7. The velocity U, 
normalized to the average flow velocity in the micro-
capillary Vm, is plotted as a function of the confinement 
parameter k for different values of the capillary number 
Ca =  Vm / eff, where we use the value of eff = 0.1 
mN/m reported in a previous paper.17 This is the 
classical scaling used for droplets and it appears to be 
valid for MLVs as well. In the case of unilamellar 
vesicles, a distinction needs to be made. Generally, two 
capillary numbers are defined for each of the two elastic 
constants governing the membrane elasticity, the 
bending and stretching modulus (b and s 
respectively).61 If viscous stresses are low enough, the 
bending modulus dominates the dynamics and Ca =  Vm 
R2 / b. On the other hand, when viscous stresses are 
sufficiently large, the stretching modulus becomes 
dominant and the capillary number is usually defined as 
in the droplet case with s instead of eff.27 In our MLVs 
experiments, we can infer from the observed scaling in 
Figure 7 that a bending modulus is not likely to play a 
significant role in the MLVs dynamics. Regarding the 
stretching modulus, it is typically of the order of 
hundreds of mN/m in unilamellar vesicles. Using this 
value we obtain Ca ≈ 10-3 which is not consistent with 
the significant MLVs deformations observed in the 
experiments. On the other hand, more realistic values of 
Ca ≈ 1 are calculated with eff. Therefore, we believe that 
eff is the elastic constant governing MLVs dynamics in 
our flow conditions because viscous stresses are of the 
same order of magnitude of the membrane elasticity 
given by the effective interfacial tension arising from 
MLVs multilamellar structure.14 
As shown in Figure 7 MLVs velocity follows the Hetsroni 
theory38 developed for emulsion droplets in confined 
Poiseuille flow. In particular, the droplet velocity U, 
normalized to the mean velocity of the fluid in the 
circular capillary Vm, is well represented by: 
𝑼
𝑽𝒎
= 𝒑 −
𝟒𝝀
𝟑𝝀+𝟐
𝒌𝟐 +𝑶(𝒌𝟑)  (Eq. 3) 
where p is the ratio between the maximum and the 
mean velocity in the capillary, k is confinement degree, 
and  is the ratio between the droplet and matrix 
viscosity. The term O (k3) is a higher order infinitesimal 
and is typically neglected. Eq. 3 states that the velocity 
of the droplet decreases as the square power of k, while 
the viscosity ratio  determines how the confinement 
degree affects droplet velocity. Indeed, for  → 0 the 
velocity is independent from the confinement degree 
while for  > 1 we have the square power dependence. 
The term p in Eq. 3 is the ratio between the maximum 
and the mean velocity in the capillary. In the case of 
Newtonian fluids, this term is equal to 2 while, in the 
case of a power law fluid, it becomes p = (1+3n) / (1+n). 
We have previously observed that the HLAS solution 
flowing in micro-capillaries can be modelled as a power 
law fluid with a power law index n ranging from 0.3 to 
0.87 (Figure 3) depending on the range of shear rate. 
In Figure 7a we show the experimental data 
characterized by a power law index n = 0.48 obtained 
from the fitting of the velocity profiles. Considering the 
corresponding velocity ratio p = 1.65, Eq. 3 was used to 
fit the experimental data using  as the only fitting 
parameter. A different set of data, relative to a value of n 
= 0.58 (p =1.75) is plotted in Figure 7b. The value of  
obtained from the fitting of the Hetsroni predictions 
from the two set of data in Figure 7 is about 2 and should 
be considered as an average quantity due to the shear-
thinning behaviour of the HLAS solution viscosity. This 
value is in agreement with the value of  obtained from 
the deformation of MLVs under shear flow.17 It is worth 
mentioning that a different value of the parameter n 
determines only a different value of the velocities ratio 
p in Eq. 3 without any influence on the trend of the 
curve. To appreciate this aspect, in the inset of Figure 7a, 
the two curves relative to n = 0 .48 and n = 0.58 are 
compared together with the case of n = 0.3 and n = 0.87, 
 
reported as a reference to show the global range of 
variation of n for our samples.  
In Figure 7 the normalized velocity U / Vm collapses on 
the same master curve for different Ca and k, in 
agreement with the Hetsroni scaling developed for 
emulsion droplets. The agreement is good for low values 
of confinement degree, while at higher k there are 
deviations from the theoretical predictions suggesting 
some levelling off to a plateau. These deviations are 
expected, being the Hetsroni theory valid for small 
undeformed droplets, and they are also observed for 
droplets. In particular, Lac et Sherwood41 found that a 
uniform film forms between the droplet and the micro-
capillary wall for sufficiently large droplets. The film 
thickness does not depend on the confinement degree k 
but only on Ca and  due to the balance between viscous 
and capillary forces acting on the droplets. This film 
allows droplets to move at a constant velocity above a 
certain confinement degree explaining the plateau of 
the normalized velocity U / Vm. In their work, they 
showed that U / Vm deviates from the Hetsroni theory 
around a minimum value of k ≈ 0.5 for  = 1 and Ca = 0.5. 
In our experiments on MLVs we have higher values of Ca 
and we observe deviations from k = 0.6 at Ca = 3.6 
(Figure 7b) to k = 0.4 at Ca = 5.4 (Figure 7a). In the case 
of unilamellar vesicles, it has been found that they 
follow the Hetsroni theory too when bending energies 
are negligible.27 However, the presence of the plateau at 
high confinement ratios is not observed probably due to 
the very small value of Ca involved (Ca ≈ 10-6). This 
observation seems to support our idea that the effective 
interfacial tension eff is the main elastic constant 
making the MLVs dynamics more similar to droplets 
than unilamellar vesicles in our experimental 
conditions. 
4. CONCLUSIONS 
In this paper, an experimental investigation of a HLAS 
aqueous solution under pressure-driven flow in micro-
capillaries is carried out by probing both the 
macroscopic and microscopic behaviour of the sample. 
The HLAS solution is set to a concentration of 30% wt. 
where only a lamellar and a micellar phases are present. 
The lamellar phase generates MLVs whose dynamics 
determine the solution behaviour under flow. We start 
from the macroscopic rheological behaviour of the 
sample and its dependence on the internal 
microstructure. Secondly, we focus on the velocity 
profiles and the flow-induced segregation of the 
different phases of the HLAS sample. In the final part, 
the sample microscopic behaviour is investigated by 
looking at the dynamics of single MLVs under capillary 
flow. The rheological characterization of the HLAS 
solution shows that it can be described as a power law 
fluid characterized by two regions with different power 
law index and by the presence of hysteresis, likely due 
to flow-induced breakage of solution microstructure. 
The velocity profiles show that the solution behaves as 
a power-law fluid under capillary flow. The rheological 
characterization agrees with the velocity profiles only 
for the largest micro-capillary. The discrepancy 
observed with the small micro-capillaries is mainly 
attributed to a structure rearrangement of the solution 
due to the contraction ratio of the micro-capillary. The 
microstructural rearrangement is observed under flow 
with a segregation of the lamellar and micellar phases. 
The lamellar phase forming MLVs accumulates in the 
central part of the micro-capillaries while the micellar 
MLV-free phase is found closer to the walls. A scaling of 
this segregation with the product between the fluid 
mean velocity and the micro-capillary diameter is 
proposed. This scaling is explained in terms of fluid 
streamlines approaching to the centre of the micro-
capillary at the entrance of the micro-capillary. 
The investigation of the dynamics of single MLVs shows 
several analogies with the behaviour of unilamellar 
vesicles and emulsion droplets under Poiseuille flow. 
MLVs are observed to deform assuming a parachute-like 
or bullet-like shape depending on the confinement 
degree and the capillary number; a shape diagram is 
reported showing how these two parameters influence 
MLV shape. The analysis of MLV velocity under 
Poiseuille flow provides evidence that the effective 
interfacial tension is the main elastic parameter of MLV 
membranes in analogies with droplets. The velocity is 
found to follow the Hetsroni theory developed for 
droplets. By adapting the theory to a power law fluid, a 
scaling of the MLV velocity with the capillary number 
and the confinement degree is presented. 
The results of this work are relevant for the processing 
of surfactant-based systems, where the final product 
properties are strongly dependent on the flow-induced 
morphology. 
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